Abstract
Introduction
In RF CMOS designs, the LF noise performance of the devices is of critical importance as LF noise is often a limiting factor in the performance of the circuit. For example, close-in phase noise of GHz-range VCO's is dominated by LF device noise. The performance of downconversion mixers in zero-and low-IF systems is also limited by LF device noise. For correct design good models, substantiated by accurate measurements, are essential.
LF noise in MOSFETs is modelled as a biasindependent gate voltage source ( N model) or as a bias-dependent gate voltage source ( ¡ model). The n-channel devices are often seen to fit better to the N model, while p-channel devices often fit better to the ¡ model [2] .
Current circuit simulator noise models based on [1] correctly account for such bias dependence but still always assume that LF noise of the device can be modelled as a memoryless function of the bias condition of the device. Models such as these are closely associated with the way most noise measurements are carried out: the bias voltage is kept constant during each measurement.
Recent measurements of MOSFET LF noise under large-signal excitation, where the bias voltage varies rapidly relative to the LF noise of interest, have shown that MOSFET LF noise is not only a function of the momentary bias of the device but also of the bias history of the device. Specifically, experiments show that significant LF noise reduction can be obtained when a MOSFET is rapidly cycled between strong inversion and accumulation. [3, 4, 5, 6, 7] . These measurement were done at excitation frequencies in the kHz and low MHz region. This paper is the first to address the problem of LF noise measurement under large signal excitation at RF. These operating conditions are very similar to what the devices might encounter in real RF CMOS circuits such as oscillators and mixers.
A new measurement method will be presented. It excites the MOSFET with a large-signal sinewave while measuring the LF noise. Using this method we are able to perform accurate measurements with an excitation frequency of up to 500MHz, and up to 3GHz with a somewhat larger error margin. This paper is organised as follows. Section 2 discusses the problem of LF noise characterisation under large signal RF excitation and introduces a new measurement technique to solve this problem. Section 3 presents and discusses the results obtained with the technique. Section 4 ends with conclusions.
RF measurement method
The aim of this paper is to examine the LF noise of MOS transistors under large signal excitation, but now at high excitation frequencies. As mentioned in the previous section, large signal measurements until now were done with a square-wave at frequencies of at most 1 MHz. At those frequencies this is a quite feasible method. However, generating a well-behaved square-wave at RF is much more difficult than generating a sinewave at the same frequency as fast square waves place extreme demands on the bandwidth of the circuitry. Moreover, Typical square-wave signal generators are not designed to produce a low-noise square-wave. (Equivalent noise resistance values as high as 1 M£ are no exception for 50£ pulse-generators.) In contrast, low noise sinewave generators for RF frequencies are readily available, so this is a much more suitable choice for RF measurements.
While using a sine-wave instead of a square-wave is much more feasible at RF, it makes interpretation of the measurement results more difficult:
It is relatively easy to account for systematic effects when the device is biased by a square-wave: the device essentially resides in only two biasing points, one with significant LF noise (on-state in strong inversion) and the other with negligible noise contribution (off-state in weak inversion or accumulation) [6] . Like this, the square-wave bias noise measurement can easily be compared to a DCbias noise measurement.
When, on the other hand, the device is excited by a sine wave, it passes through many biasing points each period, so comparison of a sine-wave excited noise measurement to a DC-bias noise measurement is not straightforward.
The solution to this problem is found by realizing that the MOS device only contributes significant noise during the time the gate source voltage is above threshold (and Id ¤ ¥ 0). Also, we know from switched biasing experiments [7] , that the device noise reduction is a function of the minimum off-voltage. Hence, we want to vary the minimum off-voltage while keeping the waveform above threshold the same: The waveform we want is shown in fig. 1 .
In fig. 1 , the threshold voltage of the device under test is also shown. As long as the waveform above threshold does not change, neither does the DC drain current of the device, and simulators using existing MOSFET noise models predict that the LF noise does not change either.
The circuit we use to produce such a waveform is shown in fig. 2 . The diode in this circuit conducts during the negative half-period of the driving sinewave, limiting the negative excursion of the waveform. An RF Choke 'L' in combination with a variable resistor ensures that the positive half of the waveform does not shift as the minimum off-voltage is varied. The variable resistor needs to be adjusted only once.
We apply this waveform to the gates of the devices under test (see fig. 3 ). Two identical DUTs are driven inphase. This allows us to use the common mode rejection of a differential probe to filter out the RF driving signal and measure the LF noise of the devices. A low pass filter at the drains (not shown; v w =100 kHz) helps to keep the drain voltage of the devices constant during the measurement.
This measurement is carried out at 2 MHz. The variable resistor is adjusted so that the top part of the sinewave is not influenced by a variation in the minimum offvoltage, as witnessed by the fact that the DC drain current of the devices does not change as the minimum offvoltage is varied. For additional verification that varying the minimum off-voltage does not influence the effective transconductance of the devices, a small pilot tone (150 V at 5 kHz) is injected into the gate of one of the devices under test and its amplitude at the drain is measured. The time-average transconductance of the devices was indeed found to be independent of the minimum off-voltage.
We can now measure the LF noise of the devices as a function of the minimum off-voltage of the driving waveform.
Having carried out this varying off-voltage measurement we can proceed to RF sinewave measurements. These are carried out with an unmodified sine wave driving the gates of the DUTs. (The full sinewave with an amplitude of 600 mV appears at the gate of the DUTs.) As the frequency of excitation is varied, the bias voltage trajectory of the devices does not change, and neither the average drain current nor the effective transconductance of the device changes. Again, injecting a pilot tone and measuring its amplitude at the drain verifies that this assumption is correct.
To sum up the two-step measurement method:
1. At an excitation frequency of 2 MHz, we demonstrate that the LF noise of the devices is reduced if the device is cycled to accumulation.
2. We then show that the LF noise remains low for excitation frequencies of up to 3 GHz.
RF measurement results
Measurements were carried out on six pairs of devices from the same wafer. Devices were contacted using a Cascade wafer prober and Picoprobe coaxial probes. The RF signal path is a 50U line terminated at the DUTs. The devices were n-channel devices from a 0.35 [
For each measurement, the LF noise spectrum is measured using a spectrum analyser. The spectrum is integrated from 10 Hz to 3 kHz, and the integrated noise is plotted in fig. 4 and fig. 5 . For reference, 1 nAx y z drain current noise (in the same bandwidth) is shown in both figures.
All devices show the same trend. Fig. 4 shows that as the minimum off-voltage is reduced, without changing the effective transconductance of the device, the LF noise of the device is reduced. The reduction (just as the absolute noise level) shows spread from device to device. It is in the range of 4-10 dB. This is in accordance with [8] where a large spread in the noise reduction from device to device was also observed. Fig. 5 shows that (when driving the DUTs with an unmodified sinewave,) as the frequency of excitation is increased, the noise reduction observed at 2 MHz is retained. The accuracy of the measurements is estimated at better than +/-0.5 dB at frequencies up to 500 MHz, and slightly less for higher frequencies.
Conclusions
Using a novel measurement technique, LF noise in nchannel MOSFETs under large signal excitation at RF frequencies has been measured. These conditions are very similar to what the devices may encounter in real-life circuits such as mixers and oscillators, and hence, study of LF noise under these conditions is relevant.
Using a two-step measurement method, we have shown that: | Cycling the device to accumulation at 2 MHz reduces its LF noise by up to 10 dB, where circuit simulators using current models predict no change.
|
The noise reduction observed by cycling to accumulation is essentially independent of the frequency of excitation for excitation frequencies of up to at least 3 GHz.
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